Taste buds contain multiple cell types with each type expressing receptors and transduction com- 
| I N T R O D U C T I O N
The primary function of the sense of taste is to promote the consumption of palatable nutrients (salty, sweet, and umami) and rejection of aversive toxins and poisons (sour and bitter). Of the five primary tastes, sour is perhaps the most complex in terms of both perception and underlying neurobiology. In particular, acidic substances stimulate not only taste cells that comprise taste buds, but also free nerve endings of acid-sensitive nerve fibers (Damann, Voets, & Nilius, 2008; Roper, 2014) . Together these systems are responsible for the multimodal experiences of "sour" taste and pain-like sensations (e.g., "tart," "tangy") called "chemesthesis." Given the perceptual and anatomical complexity of intraoral acidification, it is not surprising that the precise neural underpinnings of sour taste perception remain unresolved.
Taste buds contain three types of elongate cells, classified into one of three distinct categories: Type I cells are glia-like in that they envelop other cell types and express proteins related to transmitter uptake and degradation. Although Type I cells are generally considered to be support cells, some of these cells do express amiloride-sensitive sodium channels and may have a role in responses to sodium salts (Vandenbeuch, Clapp, & Kinnamon, 2008) . Type II cells, also called "receptor cells," express the canonical G-protein coupled taste receptors for sweet, umami and bitter tastes along with the associated downstream elements of the PLC-mediated transduction cascade including gustducin (GNAT3) and PLCb2 (DeFazio et al., 2006; Nelson et al., 2001; Tomchik, Berg, Kim, Chaudhari, & Roper, 2007) . Type III taste cells are the most likely candidate for sour taste transduction as Maruyama, Huang, Pereira, & Roper, 2011) . Moreover, genetric deletion of or toxin-induced blockade of synaptic transmission from Type III cells expressing PKD2L1 receptors eliminates electrophysiological responses to sour stimuli (Huang et al., 2006; Kataoka et al., 2008; Oka, Butnaru, von Buchholtz, Ryba, & Zuker, 2013) . Taken together, these studies strongly imply that Type III taste cells are the transducers for sour taste and are necessary for transmission of sour information to the nerves.
As for other taste qualities, transmission of sour taste information to taste nerves requires purinergic signaling through P2X-containing neural receptors (Finger et al., 2005; Vandenbeuch et al., 2015) but 5-HT signaling also contributes to transmission from Type III cells.
Genetic deletion or pharmacological blockade of 5-HT 3 receptors on gustatory afferent nerve fibers decreases neural responses to sour taste stimuli although other taste qualities are affected to a lesser extent. Therefore, 5-HT 3 -expression may serve as a marker of sour-responsive nerve fibers within taste buds as well as a means to map projections of sour-responsive nerve fibers into the brainstem.
The gustatory nerves terminate centrally within the rostral and intermediate two-thirds nucleus of the solitary tract (nTS), a complex nucleus extending throughout the rostral medulla (Corson, Aldridge, Wilmoth, & Erisir, 2012; Corson & Erisir, 2013; Whitehead & Frank, 1983) . Non-taste oral afferents from the trigeminal nerve also terminate within the lateral portions of the rostral-intermediate nTS (Corson et al., 2012) as well as in the laterally adjacent descending trigeminal complex including especially the mediodorsal spinal trigeminal nucleus (DMSp5; Stratford, Thompson, & Finger, 2017) which receives input predominantly from the lingual branch of the trigeminal nerve (Corson et al., 2012) . Taste-related activity due to intraoral infusion of acidic solutions is restricted to the dorsocentral subnucleus of the nTS and lateral portions of nTS at intermediate AP levels, while non-taste activation by intraoral acidification is pronounced within the rostrolateral subnucleus of the nTS and in the DMSp5 (Stratford et al., 2017) .
In the present study, we used quantitative confocal microscopy and immuno-electron microscopy to clarify the peripheral anatomical relationship between serotonergic Type III taste cells and the subset of gustatory nerve fibers expressing 5-HT 3A receptors. Then, we examined which areas of the brainstem (nTS vs. DMSp5) receive input from 5-HT 3A -labeled taste fibers and tested whether these areas are responsive to sour-taste stimulation measured by citric acid-evoked c-Fos activity. Finally, we compared 5-HT 3A fiber distribution to calcitonin gene-related peptide (CGRP), a marker for polymodal nociceptors that we previously showed to be involved in the non-taste component of perception of intraoral acids (Stratford et al., 2017) . Our results provide support for the role of serotonergic neurotransmission in peripheral sour-sensing taste systems and the taste quality-related mapping of this system into the primary gustatory nucleus in the brainstem.
| MATERIALS A ND METHODS

| Animals
All animal experiments were conducted in accordance with the University of Colorado Animal Care and Use Committee. Mice were housed in ventilated cages on a 12-12 hr light cycle and fed standard chow ad libitum. All experiments relied on 3-to 7-month-old male and female 5-HT 3A GFP mice, originally on FVB/N-Swiss Webster background (Tg , that is, all GFPexpressing geniculate ganglion cells show 5-HT 3A -mediated responses to applied 5-HT while none of the non-GFP ganglion cells do so.
| Peripheral taste field tissue preparation
Animals were deeply anesthetized with Fatal-Plus® (50 mg/kg intraperitoneally; MWI, Boise, ID) or pentobarbital (i.p. injection 100 mg/kg in saline), then perfused transcardially with saline (0.9% sodium chloride) followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.2-7.4 (PB). For 5-HT/5-HT 3A GFP colocalization analysis, animals were injected i.p. with 5-hydroxy-L-tryptophan (5-HTP, 50 mg/ kg; Sigma, St. Louis, MO) 1 hr before perfusion. After perfusion, tongues were removed, postfixed for 3 hr at room temperature in 4% PFA in PB, and then cryoprotected overnight in 20% sucrose in PB at 48C. After cryoprotection, the circumvallate (CV), foliate (Fol), fungiform (FF), and soft palatal (SP) taste fields were blocked. Tissues were then embedded in OCT (Optimal Cutting Temperature compound; Fisher Scientific, Pittsburgh, PA), frozen, cryosectioned at 12-16 mm and directly mounted onto Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA). Slides were then processed using standard immunohistochemical methods (see General Immunohistochemistry Methods).
| Immuno-electron microscopy
5-HT 3A GFP mice were anesthetized with pentobarbital (200 mg/kg, i. p.) and perfused for 10 s through the left ventricle with 0.1% sodium nitrite, 0.9% sodium chloride, and 100 units sodium heparin in 100 ml 0.1 M PB (pH 7.3). This was followed by perfusion fixation for 10 min with 4% PFA in 0.1 M PB. All perfusates were warmed to 428C before use. After perfusion, the excised CV papillae were fixed in fresh fixative for 3 hr at 48C. Some tissues were sectioned on a vibratome at 50-100 mm thickness, other tissue was cryo-protected by passage through three solutions according to the method of Eldred et al., 1983 . Solution 1, 5% glycerin and 10% sucrose in 0.1 M PB (plus 0.1 ml of 2.2% calcium chloride per 100 ml) for 1 hr; Solution 2, 10% glycerin and 15% sucrose in 0.1 M PB (plus 0.1 ml of 2.2% calcium chloride per 100 ml) for 1 hr; Solution 3, 15% glycerin and 20% sucrose in 0.1 M PB (plus 0.1 ml of 2.2% calcium chloride per 100 ml) overnight.
Frozen sections (50 mm thick) were cut into 0.1 M phosphate buffered saline (PBS) on a freezing stage sliding microtome and then blocked with 5% normal donkey serum, 0.3% BSA in 0.1M PBS (pH 7.3) for 2 hr at 48C. This was followed by incubation for 24 hr at 48C with chicken anti-GFP polyclonal antibody (Table 1) 
| Citric acid stimulation via intraoral cannula and brainstem tissue preparation
Bilateral intraoral cannulae were implanted into 5 male and 5 female 5-HT 3A GFP animals as described previously (Stratford & Thompson, 2016; Stratford et al., 2017) . Briefly, mice were anesthetized with an pump (Model R99-E, Razel Scientific Instruments, St. Albans, VT). Three days prior to stimulation, all animals were placed on 23 hr/day water restriction, and received 3 ml of dH 2 O infused over 30 min each day into one of two intraoral cannulae at a flow rate of 0.10 ml/min. On stimulation day, 3 ml of either deionized water (control; n 5 3) or 30 mM citric acid (n 5 5) was infused into a single intraoral cannula at a constant flow rate (0.10 ml/min) over the course of 30 min. Then, animals were left undisturbed for 45 min prior to perfusion using the same methods as described above (see Peripheral Taste Field Tissue Preparation). After 3 hrs postfixation and overnight cryopreservation, brainstems were blocked just anterior to the cerebellum, embedded in OCT, frozen and cryosectioned at 40 mm. The olfactory bulbs were also blocked, sectioned, and used as a positive control for c-Fos immunohistochemistry. Free-floating sections were collected in 0.9% NaCl in PB (PBS).
| General immunohistochemistry methods
Staining was carried out using standard immunohistochemical procedures. Briefly, tissue (slides or free-floating sections) were washed three times in PBS, and then transferred to a blocking medium consisting of 2% normal donkey serum (NDS, Jackson ImmunoResearch, West Grove, PA; RRID: AB_2337258) diluted in antibody medium (AB medium; 0.3% triton, 0.15 M sodium chloride, and 1% bovine serum albumin in PB) for 1 hr at room temperature. Primary antisera (Table 1) were diluted in AB medium and incubated for one night at 48C, with the exception of c-Fos antisera, which was incubated for two nights at 48C. Then, tissue was rinsed three times in 0.1 M PBS, followed by a 2 hr incubation at room temperature in secondary antibodies each diluted 1:400 in AB media. This was followed, after washing, by application of an unlabeled antirabbit Fab fragment to block any unoccupied rabbit-specific sites. After buffer washes, the second primary antibody was applied followed by washes and application of another anti-rabbit Fab fragment carrying a different fluorochrome. Controls for this double label procedure consisted of omission of the second primary rabbit antiserum but application of both secondaries. In these controls, no labeling was observed by the second Fab fragment.
Peripheral tissue was cover-slipped using Fluoromount-G (Southern Biotech, Birmingham, Alabama). Brainstem sections were counterstained with NeuroTrace Nissl stain 640/680 (1:100; Thermo Fisher Scientific; Cat# N21483; RRID: AB_2572212), which was included in the AB medium during incubation in secondary antisera. Following an additional three 0.1M PBS washes, free floating brainstem sections were mounted onto Superfrost Plus slides and then cover-slipped using Fluoromount -G.
| Image acquisition
Taste field images were collected using a Leica TCS SP5 II (Buffalo Grove, IL) laser scanning confocal microscope with a 633 oilimmersion objective (n.A. 1.4). Images were collected at 1024 3 1024 pixels with 2.53 digital zoom using the Leica Application Suite, Advanced Fluorescence (version 2.7.3.9723). Whole slide images of brainstem sections were photographed using Surveyor by Objective Imaging software (RRID: SCR_014433; Cambridge, UK; http://www. objectiveimaging.com/Surveyor/OI_Turboscan.htm) with a monochrome Leica DFC 365FX camera on a Leica DM6000B microscope.
For each fluorophore, a series of 10X grid images were obtained using the Multiscan setting. Images were then stitched together in real time using the best focus algorithm in the Surveyor software, which yielded a mosaic image of the whole microscope slide. Then images of whole brain sections were exported as single images using the Region of Interest selection tool in Surveyor.
| Post-image acquisition processing
All images were unaltered prior to being analyzed. Brightness and contrast of all photographs shown as representative sections in all figures were optimized in Adobe Photoshop CS5 (RRID: SCR_014199; San Jose, CA) using the levels and hue tools. For use in Figures 4 and 6, spatial distribution plots generated by the PixelIntensity program (see details below) were first saved as .tiff images within MATLAB. Then these images were converted into binary images within Adobe Photoshop CS6 using the "mode" and "levels" tools. Finally, each binary density image was then false colored (magenta or green) and combined into a single image.
| MATLAB image analyses 2.8.1 | Peripheral taste tissue 5-HT 3A GFP/ immunofluroscence colocalization analysis
The theory underlying the method for this analysis is described in (Corson & Erisir, 2013) . In brief, if two differently labeled objects are in physical contact, then because of limits on resolution of light microscopy, one or more lines of pixels along the apposition will exhibit dual labeling, whereas if objects are close, but not in contact, then pixels will not exhibit dual label if the object separation is wider than the limits of resolution.
For colocalization analysis, z-stack images (0.7 mm spacing) of the entire tissue section were analyzed using imstack in the 2014a (serial update 2) of the Matlab software (The MathWorks, Natick, MA; RRID: SCR_001622; program available on Mathworks Exchange: http:// www.mathworks.com/matlabcentral/fileexchange/55546-imstack).
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First, planes lacking immunofluorescence for Type II cells, Type III cells, or GFP positive nerve fibers were removed from the analysis. Then, to eliminate background staining, a threshold mask was applied to images using Otsu's method (Otsu, 1979) modified for three-dimensional images stacks, which resulted in binary, post-threshold images. Then the total number of labeled pixels for each channel (GFP, 5-HT, GNAT3, or PLCb2) as well as total number of colocalized pixels (GFP/5-HT or GFP/GNAT3-PLCb2) were measured from these binarized images.
| Representative levels of the nTS
In order to thoroughly quantify immunohistochemical staining, as well as citric-acid evoked c-Fos activity within the rostral and intermediate parts of the nTS (and adjacent DMSp5), we divided the nTS into 6
rostral-caudal levels as described in detail previously (Stratford et al., 2017 
| Spatial mapping of immunofluorescence in brainstem regions
Visualization of the spatial distribution within each nTS section of 5-HT 3A GFP and CGRP was done using PixelIntensity as described previously (Stratford et al., 2017 ) and available at https://github.com/neuropil/HeatMappingProgram. Briefly, background pixel intensity was calculated for each channel separately using a (150 3 150 pixel) square polygon averaged across all six representative nTS sections. To quantify pixel intensity in regions of interest, a polygon was drawn around the region of interest and immunofluorescence label was defined based on a threshold (mean 1 2 SD of background pixel intensity level). Then the pixels that met this 2 1 SD criteria were used to create a 2-D spatial distribution map for each immunohistochemical stain.
| Percent of 5-HT 3A GFP labeled pixels in brainstem areas
In order to quantify the amount of 5-HT 3A GFP labeled pixels within each nTS subregion, as well as with in the DMSp5, the percent of GFP positive label within each region was measured using ImageJ. To do this, spatial distribution maps of 5-HT 3A GFP label pixels obtained from the PixelIntensity program described above (see Spatial mapping of immunofluorescence in brainstem regions) were loaded into ImageJ.
Then, standard-size boxes (for the nTS) or circles (for the DMSp5) were drawn with the "region of interest" tool to demarcate each nTS subregion or DMSp5 and the percent of labeled pixels within each region of interest was calculated using the "area fraction" measurement within the "measure" toolbar.
2.9 | Characterization of primary antisera 2.9.1 | Green fluorescent protein Millipore (for immunoelectron microscopy)
The antiserum, directed against recombinant GFP containing a 6-his tag, recognizes the full length recombinant green fluorescent protein, as determined by immunoblot analysis (Table 1) . Specificity controls show immunoreaction product when applied to GFP-transfected cells, but not in cells lacking GFP (Millipore data sheet). Further, no immunoreactivity is observed when this antibody is applied to tissue from wildtype mice.
| Green fluorescent protein Aves (for immunohistochemistry)
The antiserum recognizes the entire recombinant full length GFP as determined by western blot analysis, and colabels the endogenously expressed GFP in transgenic GFP-expressing mice (Aves data sheet).
This antibody does not label tissue from wildtype mice lacking GFP expression.
| P2X2
The primary antiserum (Alomone Labs; Cat# APR-003; Lot# AN-08; RRID: AB_2040054; Table 2 ) is directed against the C-terminal peptide SQQDSTSTDPKGLAQL. This antiserum has been used previously to characterize peripheral and central terminals of gustatory axons (Bartel, 2012; Finger et al., 2005; Ishida et al., 2009; Stratford et al., 2017) , reacts with a single band in Western blots of mouse tissues (Ishida et al., 2009 ) and does not stain these processes in P2X2 knockout mice (Finger et al., 2005) .
2.9.4 | Guanine nucleotide-binding protein G(t) subunit a-3 (GNAT3 5 gustducin)
The polyclonal antibody recognizes sequence C-KNQFLDLNLKKEDKE from the internal region of the human GNAT3 protein and is predicted to recognize the cow, dog, mouse, pig, rabbit, and rat GNAT3 based on sequence similarity. Moreover, a Western blot analysis found a 27 kDa band in the human colon, which was successfully blocked by incubation with the immunizing peptide (Aviva Systems Biology data sheet). This antiserum stains identically to another well-characterized anti-GNAT3 
| Phospholipase C, beta 2 subunit
This polyclonal antiserum has been utilized extensively in research on taste buds, for example, (Clapp, Stone, Margolskee, & Kinnamon, 2001; Kim et al., 2006; Ozdener et al., 2011) and does not label any taste cells in PLCb2 knockout mice .
| Serotonin
The antiserum does not cross-react to 5-hydroxy-tryptophan, 5-hydroxyindole, 5-hydroxy-indole-3-aceticacid, or dopamine in Bn-SA/HRP labeling assays (Immunostar data sheet). In mouse tissue, this antibody shows reaction with known serotonergic groups in the brainstem (raphe nucleus) and colocalizes with other markers of Type III taste cells.
| Calcitonin gene-related peptide
The antiserum recognizes canine, rat, and mouse a-CGRP as deter- 
| c-Fos
The polyclonal antibody recognizes residues 4-17 of the human c-Fos protein (Calbiochem data sheet). This antiserum stains a single band at 50- 
| Statistical analyses
Data in Tables 3-5 and Figure 5 are presented as group means 6 SD. Moreover, rigorous colabel analysis of Type II, Type III, and 5-HT 3A GFP-labeled pixels further support this association. As shown by Corson and Erisir (2013) , when two objects are in contact, resolution limits of optical microscopy dictate that one or more pixels will show colocalization of labels, although the objects are anatomically separate.
Data shown in
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Data are shown as means 6 SD (Figure 2 ). In contrast, we found no synapses between 5-HT 3A GFP positive nerve fibers and Type II cells. These results suggest that information from Type III taste cells, which respond to acidic (sour) stimuli, is preferentially communicated to 5-HT 3A -expressing nerve fibers.
| 5-HT 3A GFP fibers are distributed heterogeneously within the nTS
Since information about acidic (sour) stimuli is preferentially communicated to 5-HT 3A GFP-expressing nerve fibers, we tested whether GFPlabeled fibers are distributed heterogeneously in particular subdomains of the nTS. Significant 5-HT 3A GFP label (as identified by pixel density)
is present through the entire nTS (Figures 3 and 4) , with the highest percentage of GFP label occurring in the lateral regions of r1-r2, i1-i2, and the mid region of r4-i1 in the nTS including the rostrocentral and rostrolateral subnuclei (Figure 5a ). Comparing the distribution of 5-HT 3A GFP to the terminal field marked by P2X2 immunoreactivity, a marker of the gustatory primary afferent terminal zone (Bartel, 2012; Ganchrow et al., 2014) , reveals a medial gustatory terminal field in R1-R4 devoid of 5-HT 3A GFP immunoreactivity (Magenta arrows, levels r2, r4, and i2 of Figure 3) . Conversely, the lateral segments of nTS show substantial GFP fiber label with minimal P2X2 immunoreactivity suggesting that these GFP fibers are nongustatory, likely arising from the trigeminal or glossopharyngeal nerves (Corson et al., 2012) .
In addition, substantial 5-HT 3A GFP label is present in the adjacent DMSp5, but based on projection patterns of gustatory nerves, this label is not attributable to primary gustatory fibers, but likely arises from the general mucosal innervation from the lingual trigeminal (Corson et al., 2012) and perhaps glossopharyngeal nerves (Ciriello, Hrycyshyn, & Calaresu, 1981) . Similarly, the GFP label in the rostralmost part of the rostrolateral subnucleus likely is attributable to fibers of the trigeminal nerve rather than gustatory afferents (J. Corson et al., 2012) .
3.4 | Citric acid evoked c-Fos activity is correlated with 5-HT 3A GFP fiber distribution in the nTS, but not in the DMSp5
Within the nTS and DMSp5, few c-Fos positive cells were observed after stimulation of the oral cavity with water (Table 3 ), in keeping with previous studies (Stratford et al., 2017) . This water-evoked Fos-LI was significantly less than that evoked by citric acid for both the nTS Table 4 ). Substantial
Fos-LI also occurs in the adjacent DMSp5, with Fos-LI greatest in the i1 and i2 regions of this area.
We tested whether the citric acid-specific Fos-LI preferentially was located within regions of the nTS and DMSp5 that were rich in 5-HT 3A GFP. 5-HT 3A GFP regional pixel density (Table 5) is positively correlated with citric acid-specific Fos-LI (raw count-avg. water) across the entire nTS (r 5 .63, n 5 36, p < .01; Figure 5a ,b). In contrast, although 5-HT 3A GFP label is present within the DMSp5, 5-HT 3A GFP pixel density is negatively correlated with citric acid-specific Fos-LI in this region, with citric acid Fos-LI greatest in the intermediate (i1 and i2) levels, but 5-HT 3A GFP pixel density greatest in the rostral (r1 and r2) levels (r 5 -.90, n 5 6, p < .01; Figure 5c ). These findings show that, for the gustatory nTS, sour-evoked Fos-LI correlates with the presence of 5-HT 3A GFP fibers; whereas within the trigeminal complex, no such association exists.
| Relationship of 5-HT 3A GFP to CGRP-expressing afferents
Because our previous work suggested the possible involvement of CGRP-expressing polymodal nociceptors in the detection and and 6, although CGRP labeled pixels are found within 5-HT 3A GFP-rich areas within the nTS and DMSp5 (Figure 6 ), the two labels do not co-localize in nerve fibers within the nTS FIG URE 3 Comparison of primary gustatory terminal zone marked by P2X2 and 5-HT 3A -positive fibers in the nTS. Paired micrographs and chartings of six levels of the nTS comparing the distribution of 5-HT 3A GFP (green) and P2X2 (magenta). Previous studies have shown that P2X2 immunoreactivity in the nTS delineates the terminal field of primary gustatory afferents (Bartel, 2012; Ganchrow, et al. 2014 (Chang, Waters, & Liman, 2010; Huang, Maruyama, Stimac, & Roper, 2008; Huang et al., 2006; Kataoka et al., 2008; Ye et al., 2016) , although the exact mechanism for transduction is unclear. Upon taste stimulation, Type III cells release several neurotransmitters, including 5-HT which in turn plays a role in activation of gustatory afferent fibers, a portion of which express 5-HT 3A mRNA and functional 5-HT 3 receptors . The current study tested whether the subset of gustatory afferents that express the 5-HT 3A receptors are preferentially associated with and are postsynaptic to Type III taste cells. We found that 5-HT 3A -containing nerve fibers preferentially innervate and receive synapses from Type III cells, but seldom contact Type II cells, suggesting a preferential involvement of serotonergic transmission with sour taste. Somewhat confounding the situation is the likelihood that some Type III cells respond to NaCl and therefore are implicated in transmission of salty taste information (Lewandowski, Sukumaran, Margolskee, & Bachmanov, 2016) . Thus, we cannot conclude that 5-HT 3 -expressing gustatory nerve fibers constitute a strict "labeled line"
for sour taste information in the sense of being a set of nerve fibers dedicated to a single quality and whose activity is necessary and sufficient to produce the sensation of sourness. Nonetheless, electrophysiological analyses of single fibers in gustatory nerves show that distinct, response-specific classes of nerve fibers exist including a category of "H-fibers," which show preferential responsiveness to acidic stimuli (e.g., Frank, Contreras, & Hettinger, 1983; Ninomiya, Tonosaki, & Funakoshi, 1982; Spector & Travers, 2005) with weaker activation by salts.
This specificity approximately corresponds to the response spectrum of Type III taste cells and so may represent a line of information transmission dedicated to Type III cell activity.
The preferential contact of 5-HT 3A -expressing nerve fibers with
Type III taste cells that we report is discrepant with a recent study concluding that glossopharyngeal nerve ganglion cells that receive synapses from Type III cells do not preferentially express 5-HT 3 receptors (Maeda et al., 2016) . That study, however, relied on specific transcellular transfer of WGA from PDKD1L3-expressing cells to postsynaptic neural elements as a means to identify which ganglion cells receive -about 12-15% of the total (Ma, Yang, Thomas, & Kinnamon, 2007) .
Hence it is unclear whether WGA selectively marks only nerve fibers associated with Type 3 cells or whether diffusion of WGA away from the Type 3 cells nonspecifically labels other fibers within the taste buds. When barley lectin is expressed from Type II cells within taste buds, the lectin tends to fill extracellular space of the bud, labeling nonselectively other taste cells and the afferent nerve fibers . If a similar leakage of lectin from the site of release occurs from Type III cells, then this would explain the lack of specificity reported by
Maeda and coworkers. It should be noted, however, that whereas Type II cells utilize a nonvesicular release of neurotransmitter (Kinnamon, Taylor, Delay, & Roper, 1985; Vandenbeuch et al., 2010) and sucrose stimulates neurons more diffusely in the nucleus (Chan et al., 2004; Harrer & Travers, 1996; King, Travers, Rowland, Garcea, & Spector, 1999; Stratford & Thompson, 2016; Travers, 2002; Travers, Herman, Yoo, & Travers, 2007; Travers, Urbanek, & Grill, 1999; . Consistent with our previous findings (Stratford et al., 2017) , citric acid infusion into the oral cavity of mice activates The presence of acid-induced c-fos activity in the lateral nTS coupled with an abundance of 5-HT 3 -driven GFP is noteworthy in that this portion of the nTS receives little gustatory input as delineated by P2X2 labeling (Bartel, 2012; Ganchrow et al., 2014) . Further supporting the idea that lateral activation is not attributable to activity in primary gustatory afferents is the result from transcellular labeling from WGA driven in PDKD1L3-expressing (acid responsive) Type 3 cells of the CV and FOL papillae. Even if, as discussed above, this transcellular labeling is not specific for Type 3 cell afferents, it will mark only intragemmal trigeminal and glossopharyngeal nerves which project into this region (Corson et al., 2012) .
The significant citric acid-induced activity in the lateral nTS that we see was not observed in a previous study in rats, which shows the highest citric acid-induced Fos-LI in the middle parts of the rostral nTS (Travers, 2002) , where we also see activity in mice. Similarly, we found slightly less lateral activation in the lateral subregion in our previous study on mice (Stratford et al., 2017) . The apparent minor discrepancies between these other studiesand our current results may be attributable to several factors, including experimental variability, species or strain differences and methodological differences. An electrophysiological study of the nTS in rats also showed responses to HCl (40 mM) to be centered in the middle zone of the nucleus, but not extending to its lateralmost edge (Yokota, Eguchi, & Hiraba, 2014) . Another difference between these various studies is in stimulus strength (i.e., 100 mM citric acid used by Travers, 40mM HCl used by Yokota and coworkers; versus 30 mM citric acid used our studies) and these differences may account for the anatomical differences observed. Higher concentrations of tastants tend to activate a wider, less-selective population of primary afferent fibers (Wu, Dvoryanchikov, Pereira, Chaudhari, & Roper, 2015) , which may subsequently produce different spatial patterns of c-Fos activity. Finally, in the Travers (2002) and Yokoya studies, the main focus was on the rostralmost levels of the nTS whereas our analysis extended more caudally to include intermediate levels, and it is in these intermediate levels that we see the highest levels of acid-induced activation in the lateral part of the nucleus. Similarly, this lateral portion of the intermediate nTS in the mouse (named "caudal gustatory" nTS in (Gaillard et al., 2008) showed the greatest activation in response to orally applied linoleic acid. Taken together, these results suggest that at least for mice, the lateral portion of intermediate nTS, which receives substantial input from the glossopharyngeal and trigeminal nerves, but little from the facial nerve taste fields (Corson et al., 2012) , responds substantially to acid stimulation of the oral cavity, although this activation may be via nongustatory orosensory inputs.
The tendency for sour taste information to flow predominantly into mid and lateral zones of the nTS does not confirm that a distinct labeled line for sour taste information exists. First, sour information often is comingled with information on electrolytes at the level of the taste buds Yoshida et al., 2009 ), peripheral nerve Frank, Lundy, & Contreras, 2008) and in the nTS (Geran & Travers, 2006; Yokota et al., 2014) . Some of this cross-modal responsiveness may, however be related to stimulus concentration. At low concentrations, responses of many geniculate ganglion neurons to acids are relatively unique, expanding to include other electrolytes only at mid-range concentrations and higher (Wu et al., 2015) . Our use of 30 mM citric acid would fall into the mid-high range of concentrations and so c-fos activation in the nTS may reflect both sour-specific and more broadly tuned electrolyte units. Despite the likelihood of mixed acid-salt responses in 5-HT 3 -expressing nerve fibers, such fibers preferentially innervate the acid-responsive region of nTS, in keeping with their role in sour-related taste transmission.
We also identified 5-HT 3 -expressing nerve fibers within the laterally adjacent DMSp5 (Figure 7 )-a region implicated in the chemesthetic component of sour taste perception (Stratford et al., 2017) . Only trigeminal fibers, and not gustatory afferents, terminate within the DMSp5, so cell activation in this nucleus likely reflects activation of acid-responsive trigeminal rather than gustatory afferents. In the DMSp5, citric acid-induced Fos-LI is inversely related to 5-HT 3A GFP fiber density, suggesting that 5-HT 3 -expressing trigeminal afferents are not responsive to peripheral acidification. Many peripheral sensory fibers, including the class of peptidergic polymodal nociceptors, possess acid-sensitive ion channels, for example, TrpV1, TrpA1, and ASICs (Bae, Oh, Hwang, Shigenaga, & Valtschanoff, 2004; Dusenkova et al., 2014; Usoskin et al., 2015) and would thus respond to the presence of citric acid in the oral cavity. The 5-HT 3A GFP fibers within the DMSp5 do not, however, colocalize with CGRP, one of the hallmarks of many polymodal nociceptors. Similarly, molecular analysis of somatosensory ganglion cells shows that 5-HT 3 is expressed highly only in the PEP2
class of ganglion cells. This class of ganglion cells do not highly express TrpV1 or TrpA1, two of the possible acid-responsive ion channels, which are mostly expressed in NP1 (for TrpA1), NP2, NP3, and PEP1 ganglion cells (Usoskin et al., 2015) . Further evidence that DMSp5 is involved in trigeminal rather than taste-related activity is the recent electrophysiological analysis by Breza and Travers (2016) showing that taste responses occur predominantly in the P2X 2 -rich terminal field in the nTS and that lateral to that, that is, in lateralmost parts of rostral nTS and in DMSp5, neurons show responses to mechanical stimuli.
In summary, our results are consistent with a tendency for regional segregation of taste quality information within nTS, the primary sensory relay nucleus for taste. Taken together with the reports of qualitysegregation of responses within other levels of the taste neuroaxis (Chen et al., 2011; Tokita & Boughter, 2016) , our results are consonant with a loosely represented version of the "labeled line" hypothesis of taste coding, that is, that dedicated chains of neurons convey information about a specific taste quality: sour, sweet, bitter, and so forth.
Nonetheless, many other studies report that quality representation of taste is less specific depending on stimulus concentration (Wu et al., 2015) , or plastic depending on behavioral or past experience of the animal (e.g., Accolla, Bathellier, Petersen, & Carleton, 2007; Accolla & Carleton, 2008) . Timing of activity in relation to lick status also appears to be a key factor in encoding of taste information (Lemon & Katz, 2007; Roussin, D'Agostino, Fooden, Victor, & Di Lorenzo, 2012) . Since mapping of c-Fos activity is but a snapshot of averaged activity over a longtime scale, all temporal considerations are lost. Thus, although our results are consistent with a weakly mapped representation of gustatory quality, many other factors should be considered before concluding that taste quality follows a strict labeled line topographic organization. 
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